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Correlations of Disk and Jet Emission Deviating from the 

Fundamental Plane 

Da-Bin Lin^’^, Wei-Min Gu^, Hui-Jun Zu-Jia Lu^’^, Ren-Yi Ma^, En-Wei Liang^’^ 

ABSTRACT 

The variability of accretion rate, which is believed to induce the aperiodic 
variability of X-ray emission from disk, may affect the energy injection into the 
jet. In this spirit, a correlation between disk emission and jet emission can be 
formed even if the mean luminosity of disk emission keeps constant. In this work, 
these correlations are found in the situation that the luminosity of disk emission 
is variable and kept with a constant mean value. The obtained correlations may 
be shallower than that of the fundamental plane of black hole activity. In ad¬ 
dition, the slope of correlation may increase with increasing observed frequency 
of jet emission. For the luminosities spacing with three days, the slope of cor¬ 
relation decreases with increasing black hole mass. The deviation of our found 
correlations from that of the fundamental plane is related to the suppression of 
variability in the jet emission in comparison with that in the disk emission. This 
mechanism may work in some sources in which shallower correlations have been 
reported. Moreover, it implies that luminosities used to estimate the relation of 
fundamental plane should cover an appropriate timescale, in which the variability 
of jet emission is not signihcantly suppressed. 

Subject headings: accretion, accretion disks - black hole physics - galaxies: active 
- galaxies: jets - X-rays: binaries 


1. Introduction 

The jet produced in an accreting black hole seems to be universal, since it is widely found 
in active galactic nuclei (AGNs) and Galactic black hole binaries (BHBs). The emission 
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from jets and accretion disks can be observed in the energy bands from radio to X-ray. For 



directly related to the accreting process, a correlation between radio and X-ray Inminosities 
can be naturally expected. The existence of a tight, non-linear correlation between the 
radio (Lr) and X-ray luminaries ( Ly), i.e., Lu oc was found in BHBs during the 

low/hard state fjCorbel et al.ll2003l: iGallo et al.ll2003[) . This correlation was quickly extended 
to include AGNs, which is powered by accretion onto a super-massive black hole. The 
relation is the so-called “fundamental plane” of black hole a ctivity, which can be described as 
IokTr = ('O.bOtnlljlogLy -I-(' 0 . 78 ln'nQ')log('MRFr/Mr 7 ^') -1-7.33 ( Merloni et ah 2003; Falcke et ah 


2004 iMerloni et al.ll2006l ). Here, Lr is the nuclear radio luminosity at frequency u = 5 GHz, 
Lx is the nuclear X-ray luminosity at 2 —10 keV, Mbh is the black hole mass, and Mq is the 
solar mass. Such a plane conhrms that the production of jets (traced by radio luminosity) 
is fundamentally associated with the accreting process (traced by X-ray luminosity). 


The emission from accretion disks in BHBs and AGNs displays signihcant aperiodic 
variabilities on a broad range of timescales. The mo st promising exp l anation for these 


variabilities is the model of propagating fluctuations ( 

Lvubarskii 

1997; 

Kine et ah 

2004; 

Maver X Prinde 

2006; 

.lanink X Gzernv 

2007; 

Lin et ah 

201 2h. In 

this model, the variabil- 
ite, which are caused at 
fluctuations of accretion 

ities of disk emission is induced by the fluctuations of accretion re 
different radii and propagate into the inner region of the disk. The 


rate in the inner region would modulate the energy released in the vicinity of black hole, 
where produces most of X-ray emission. Since the production of jets is fundamentally asso¬ 
ciated with the accreting process, the energy injected into the jet should be affected by the 
fluctuations of accretion rate. In this work, we present the variability of jet power and thus 
the jet emission in the model of propagating fluctuations. The effects of these variabilities 
on the relation of fundamental plane are our main focus. 


This paper is organized as follows. The models for variability of disk emission and jet 
emission are presented in Section |21 The light curves produced based on the above models 
are shown in Section Ei Our main focus in the present work, i.e., the relations between 
disk emission and jet emission, are also discussed in this section. In Section 01 we summary 
conclusions and present a brief discussion. 
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Models 


2.1. Variability of accretion disk emission 

The model of propagating fluctuations in mass ac cretion rate is proposed to explain 


the complex variability of emission from accreting disk fiLvubarskiil 119971 : iKotov et al.l 12001 


Arevalo fc Uttlevi l2006l) . In this picture, fluctuations stirred up far from the black hole 


modulate the mass accretion rate and thus the emission from the disk, which is mainly 
produced in the inner region of the disk. The fluctuations are produced on timescales related 
to the viscous timescale at the radius of its origin and are uncorrelated for different radial 
scales. In this scenario, the mixture of fluctuations with different timescales is a multiplicative 
process. Then, the emitted flux from accretion disk is naturally predicte d to display a linear 


rms 


2001 ; 

Uttlev et ah 

2005; 

Heil et ah 

2012 ) 


To generate light curves according to the model of propagating fluctuations, the energy 
release prohle of accretion flow in the radial direction, which determines the emission behavior 
of disk, should be assumed. In this paper, e(r) = r“^(l — i/rin/r) is taken to follow the 
radial loss rate of gravitational energy in the accretion disk, where r represents the radius, 
Tin is the inner radius of the disk and is hxed at 3rg in the following simulations, and 
Tg = 2(7 Mrh/c^ is the Schwarz schild radius of black hole. In the standard thin accretion 
disc fjShaknra fc SnnvaevI Il973h . the emitted flux per unit area, F{r,t), is proportional to 
e(r) and M{r,t), i.e., F{r,t) oc M{r,t)e{r), where M{r,t) is the mass accretion rate at the 
radius r and time t. In this situation, the luminosity of disk emission can be read as 


Lx = 


F{r, t)2TTrdr oc 


(‘‘Tout 


M(r, t)e{r)27rrdr. 


( 1 ) 


As pointed out by the Arevalo fc Uttlev ( 20061) . the emissivity prohle of different photons 
may be different since the emitted spectrum might be radius-dependent. Then, we should 
modify the function of e(r) to describe the emissivity prohle of diherent photons. For this 
purpose, an adequate value of 7 can be introduced and the emissivity prohle is modihed 
as e(r, 7 ) = — \/r\^Jr) for diherent p hotons. To our know ledge, the X-ray emission 

may be produced in an accreting corona flLiang fc Pried Il977l) . possibly sandwiching an 
optically thick, geometrically thin disk, or in the advection-dominated accretion how (ADAF: 
Naravan fc Yil 11994 lYuan fc Naravanll2014j ). In the ADAF, which is the focused accretion 
how in this work (see the discussion in Section IT^ . the emitted hux per unit area F{r,t) is 
proportional to M{r,t)‘^ rather than M{r,t). Then, Equation ([T]) can be turned into 


Lx oc 


M(r, t)^e(r, ''f)rdr 


( 2 ) 
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in the ADAF. This is the equation used to produce the light curves of X-ray emission from 
disk in this work. It is shown that the light curves produced with different 7 (7 > 2.5) 
does not sh ow signihcant difference except for the variability in the shortest timescales (see 
Figure 2 of lArevalo fc Uttlevi 120061) . which does not affect the relations studied in this work 
(please see the discussion in Section [3^ . Then, we discuss the fluctuations of disk emission 
with 7 = 3. 


2.2. Variability of Jet Power 


The dominant para digms for jet product i on are outlined in the works of lsiandford fc Znaiek 


(I 1977 I) (BZ model) and iBlandford fc Pavnel fll982h (BP model). In both of the models, the 
large-scale ordered magnetic helds threading the accretion flow or spinning black hole are 
required. It is suggested that the large-scale magnetic helds may diffuse outw ard rapidly if 


1994; 

Hevvaerts et ah 1996: Guan & Gammie 

20091). Then, the iet discussed in our 

paper 

should be produced in a geometricallv thick disk flMaccarone et ah 2003: 

Sikora et ah 

2007; 

Coria 

t et ah 2011: Russell et al.||2011). such as the ADAF or the slim disk 

Abramowicz et ah 


19881) . Our work focuses on the jet produced in the ADAF, of which the accretion rate is 
relatively low. The jet power (Pjet) in the BP and BZ models is associated with the strength 
of large-scale orde red poloida.1 magnetic held Up. In the BP model, the jet power can be 
described as (e.g., Livio et ah 1999 : Cao 2002 : Li fc Cao 2012) 




jet 


n 


Bl\ 

) w{r)27rrdr, 


( 3 ) 


where f2(r) oc is the angular velocity of disk, rilp/(47r) is the torque applied on the 

disk, and w{r) oc r~^ is introduced to describe the contribution of diherent radius to the jet 
power. In the BP model, the energy of jet is mainly from the inner region of disk. Then, /i 
should be larger than or equal to 0, i.e.. 


h>0. 


( 4 ) 


associated with the accreting process (e.g.. 

Moderski & Sikora 

1996; 

Ghosh & Abramowicz 

1997; 

Livio et ah 

1999; 

Meier 

20Q1; 

Nemmen et al. 

2007 

). In addition, the strength of small- 


scale magnetic held (ilp,d) in the magnetohydrodynamic turbulen ce of the disk is usually 
used t o estimate the st rength of i.e., Up ~ Upd in the ADAF flLivio et al.lll999l: iMeier 


200 ll: IWu fc Gaol 120081) . In the accretion how. Bp may be radius-dependent. In order to 
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mode l this behavior, we adopt flLivio et al.l Il999l: iMeierl I 2 OOII: IWu fc Gaol I 2 OO 8 I: iLi fc Cao 

2ni2h 

Bl oc r^,^(r/3rg)-^ (5) 

where = {58^53^/An — p5vr5v^) ^ oc -Bp^j is the stress in the magnetohydrodynamic 
accretion flow. If the parameter s in Equation (E]) is larger than 0 , i?p in the outer re¬ 


gion will suppress the magnetorotational instability fjVelikhovi Il959l: IChandrasekharl 11960 


Balbus fc Hawlevi ll99lL 1998), which is responsible for the angular momentum transport. 
Then, s should be larger than or equal to 0, i.e.. 


s>0. 


Based on the above discussion. Equation (|3]) becomes 

/‘Tout /*Tout 


( 6 ) 


Fjet(t) = C / M{r,t)r ^ ^e{r,3)rdr = ( / M(r, f)e(r, 3 + /i + s)rdr, (7) 


where H r and oc Me{r, 3) are taken and C is a constant. In the BZ model, the 

variability of jet power, which is induced by the fluctuations of magnetic field in the vicinity of 
black hole, does not present significant difference with Equation d?]). Then, we use Equation 
d?]) to describe the jet power. This equation reveals that the power of jet depends li nearly 
on the accretion rate in the ADAF, which has been used in a n umber of works (e.g.. iMeier 
2 OOII: iNemmen et ahl 120071: IMartmez-Sansigre fc Rawlings! 1201 111 . Equation dZ]) is similar to 
Equation dlD but with 7 = 3 + /i + s and p + s > 0. It was discussed previously that the 
variabilities based on Equation dZ]) (or Equation (El)) with varying 7 (7 > 2.5) do not show 
significant difference. Then, the variability of jet power based on Equation (jZl) would follow 
that of accretion rate or Lx exc ept for the amplitud e of variability, which has been found in 


the observation of GX 339 — 4 dGasella et ah 


2 OIOI). This fact implies that Equation (JZl) is 


applicable to describe the jet power. In our work, we take /i + s = 0 (please see the discussion 
in Section l3^ . In this situation, we take ( = 0.1, which corresponds to the case that 10% 
of gravitational energy released in the accretion process enters the jet. 

In the following part of this Section, we try to work out the variability of jet emission 
based on the jet power presented in Equation (jll)- The jet emission is modeled in the 
internal shock scenario, which has been widely adopted to explain the broadband sp ectral 


energy distribution of AGNs, BHBs, and the prompt emis s ion of gamma-ray bu r sts dPiran 


1999 : ISpada et al.ll 200 ll: lYuan et al.l 120051: IWu et al.l l2007l: iNemmen et al.ll 201 ll: ISun et ah 


20131 1. Accompanying with the accretion onto a black hole, a small fraction of the accreted 
material Mjet(t,^ = 0 ) = Pjet(t)/(r — l)c^ is transferred into the vertical direction, where 
^ represents the distance measured along the jet with respect to the black hole. With the 
propagation of Mjet in this direction, the phenomena of jet are formed. Since Fjet(t) varies 
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with time, the value of z)i= P]et{t — — l)c^) may be different for different 

z at the same time f, where ujet = c(l — V is the velocity of jet and c is the velocity 
of light. According to the internal shock model, the Lorentz factor of jet varies with time, 
and as a result, faster portions of the jet catch up with slower portions of the jet. The 
internal shocks are formed in the ensuing collision, which occurs in the region of ^ zq- 
In the shocks, a small fraction of the electrons are accelerated and form a power-law 
energy distribution with index p. The broa d-band emission of jet is mainly produced by 
these electrons through synchrotron process flMarkoff et al.ll200ll) . In order to calculate the 
jet emission, the jet half-opening angle 0, the average bulk Lorentz factor T of the jet, the 
angle Y of the jet with respect to the line of sight, and the energy density ratio Ce (es) of 
accelerated electrons (amplihed magnetic held) to the shock energy should be prescribed. 
In the prese nt work, the calcu lation of jet emission follows the procedure presented in the 
Appendix of Yuan et al. (2005). The values of 0 = 0.1 radians, T = 1.2, Y = 30°, 
p = 2.1, Se = 0.06, and = 0.02 are adopted in our calculation. The average of M is taken 
as 1.39 X 1O^®(MBH/Tf0) g/s = O.OlMEdd, he., M = O.OlMEdd, where MEdd is the Eddington 
accretion rate. In this paper, we focus on the variability of jet emission induced by the 
huctuation of accretion rate, i.e.. Equation ([7]). Then, the variability due to the collisions 
between shells in the internal shock model, which may increase the scattering of our studied 
correlations, is not considered in this work. 


3. Relations between disk emission and jet emission 

3.1. Results 

Based on the models presented in Section [2l we produce the light curves of disk emission 
and jet emission as shown in Figure [U The produced Lx/ Lx and Tjet/Ejet are shown with 
green and black curves in this figure, and the emission of jet Ljet(zz)/Tjet(i^) at different 
frequency z/ is described with different color curves: the blue curves are for v = lO^'^Hz, 
the gray curves for v = lO^^Hz, the red curves for z/ = lO^^Hz, and the cyan curves for 
u = lO^^Hz. Here, Ljet(zz) represents the luminosity of jet emission at frequency u and L^ j 
(Fjet) represents the mean value of (Fjet)- The light curves in the top (bottom) panel 
of this hgure are produced in the accretion system with Mbh = IOMq (Mbh = IO^Mq) in 
a duration of 100 (10®) seconds, where the total duration of simulation Ttot is around 1700 
(1.7 X 10®) seconds. It can b e found that the light cu rves of disk emission are similar to those 
presented in the Figure 1 of lArevalo fc Uttley (120061 ). Moreover, the amplitude of variability 
in the jet emission at low frequency, such as z/ = 10^®Hz, may be weak compared with that 
in the jet power (disk emission). However, the variability of jet emission at high frequency. 
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such as u = lO^^Hz, almost follows the variability of jet power. Because of those behaviors, 
some interesting relations between disk emission and jet emission may be formed. We should 
emphasize that the above behaviors are presented in the accretion system with a constant M 
(or Lx) rather than an evolving M (or Lx). In the following part, we discuss these relations. 


In order to reduce the data points in the top panel of Figure [H we divide the light 
curves with a bin size (At) of one second and obtain the average luminosity in each bin as 
the new data. We analyse the relation of disk emission and jet emission based on these new 
data. The results are shown in Figure HI which reveals the strong correlation between disk 
emission and jet emission. In this hgure, the relation between disk emission and jet emission 
at different observed frequency z/ is represented with different symbol. The symbol “A” is for 
the jet emission at frequency u = lO^^Hz, “x” for u = lO^^Hz, “o” for u = lO^^Hz, and “x” 
for z/ = lO^^Hz. In each panel of this hgure, the solid line represents the logarithmic linear 
htting result of the data, and the dashed line represents the relation of the fundamental plane 
with a given black hole mass, i.e., log(Ljet/Ljet) oc 0.60 log(Lx/Lx). According to this hgure, 
it is easy to hnd that the relation of disk emission and jet emission at frequency lO^^Hz 
almost runs parallel with the abscissa axis, i.e., the axis of disk emission. This behavior is 
similar to that presented in Figure 5 of King et al.l (120131 ). which suggests that the results in 
this work may provide an explanation for this kind of peculiar correlations. In addition, the 
slope of relation increases with increasing observed frequency of jet emission. The largest 
slope of these relations is reached by the jet emission at frequency lO^^Hz with a slope of 
0.58, close to the slope of the fundamental plane relation. This reveals that the relation of 
fundamental plane is only followed by the jet emission at frequency lO^^Hz for the situation 
studied here, i.e., Mbh = IOMq, At = Is, and with a duration of 100 s observation. 


Based on Figure HI one may hnd that the amplitude of variability in the jet emission at 
the same frequency (such as 10^‘^Hz) may be different for different black hole mass. Owing to 
this fact, we show the relations of disk emission and jet emission {v = lO^^Hz) for different 
black hole mass in Figure [3l In this hgure, the symbols “x”, “o”, “A”, and “x” represent 
the data (i.e., averaged luminosities in time span At) from the accretion system with Mbh = 
IO^Mq (At = lO^s), 3.6 X lO^Mo (At = 3.6 x lOS), lO^M© (At = lO^s), and lO^M® (At = 
10®s), respectively. In each panel of this hgure, the solid line represents the logarithmic 
linear htting result of the data, the dashed line represents the relation of fundamental plane 
with a given black hole mass, and the data are from 10 Mbh/Mq seconds simulation (Kot ~ 
170Mbh/Mq s). According to this hgure, the slope of relation between disk emission and jet 
emission increases with increasing black hole mass, where At oc Mbh is adopted. The upper 
limit of the relation slope is 0.46, close to the slope of the fundamental plane relation. In a 
practical context, the observations are usually performed in a short period (such as Iks) and 
luminosities used to estimate the relation of fundamental plane are selected with an average 






spacing of several days. In order to model this situation, we average luminosities in At = Iks 
as the new data and use the data with a spacing time of 3 days to estimate the relation of disk 
emission and jet emission. Figure Hlshows the relations for these luminosities, where data are 
from 1.5 X lO^s simulation (Ttot ~ 1-2 x 10®s). In this hgure, the symbols “x”, “o”, “A”, and 
“x” represent the data from the accretion system with Mbh = IOMq, IO^Mq, S.hxlO^M©, 
and IO^Mq, respectively. Since the viscous timescale of the accretion disk around the black 
hole with Mbh ~ 10®Mq is significantly larger than 1 hour, the accretion system with 
Mbh IO^Mq is not considered. Figure 0] shows that the slope of relations decreases with 
increasing black hole mass. The largest slope of these relations (0.63), found in the accretion 
system with Mbh = IOMq, is close to the slope of fundamental plane. That is to say the 
deviation of our relations from that of fundamental plane becomes significant for systems 
with more massive black hole in the case studied in Figure 01 For the comparison with 
the observations, a dotted line, i.e., log(Ljet/Tjet) oc 0.06log(Lx/Tx), w hich describes th e 
relation of disk emission and jet emission at z/ = 5GHz found in NGC 4395 (IKing et al.ll2013l) . 
is added in the bottom left panel of this figure. In this panel, the red represents the data 
of Lx and Ljet(z^ = 5GHz) based on the models in Section 2. The logarithmic linear fitting 
about these data presents a relation of log(Ljet/Ljet) cc 0.19 log(Lx/Lx), which is described 
with a red solid line in this panel. It is shown that our relation in the accretion system with 
Mbh = 3.6x10^Mq is shallower than that of the fundamental plane, but steeper than that 
from observation . This may imply that other mechanisms may contribute to produce the 
relation found in iKing et al.l (120131 ). 


3.2. A Simple Analysis 

The results presented in Figure [2] can be well understood on the basis of the light curves 
presented in Figure 01 especially those in the top panel. Taking the jet emission at frequency 
lO^^Hz as an example, it is shown that the luminosity of jet emission at this frequency 
keeps almost constant whereas the luminosity of disk emission exhibits strong variability. 
Therefore, the relation corresponding to this frequency runs parallel with the axis of disk 
emission. This behavior can be found in Figure [2] for the data with the symbol “A” . The 
reason for the correlation running as the symbol “x” is as follows. According to the models 
presented in Section [2l the variability of disk emission and jet power mainly depend on the 
fluctuation of accretion rate M and e(r), i.e.. Equations ([2]) and (Cj). These two equations 
reveal that the variabilities of disk emission and jet power are almost the same except for 
the amplitude of variability. Furthermore, the variability of jet emission is modulated by the 
fluctuation of jet power. Then, the variability of jet emission should be more or less in a way 
that works as the variability of jet power and thus disk emission. That is to say, a correlation 
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between disk emission and jet emission should be naturally expected. If the variability of jet 
emission well tracks the variability of jet power, the variability of jet emission would follow 
that of disk emission except for the amplitude of variability. This behavior can be found in 
the top panel of Figure [T] with cyan color light curve (z/ = lO^^Hz) or in the bottom right 
panel of Figure [2l 


As discussed above, a correlation of disk emission and jet emission is naturally expected 
owing to the fact that the jet power modulates the jet emission. However, why the variability 
of jet emission at different frequency is different? Since the jet emission at different frequency 
shares the same jet power, the different behavior of variability should be only associated with 
the emissivity prohle of these emission. Figure |5] shows the emissivity prohle of jet emission 
for different observed frequency in the accretion system with Mbh = IOMq, i.e., 10^‘^Hz 
(solid curve), lO^^Hz (dashed curve), lO^^Hz (dotted curve), and lO^^Hz (dot-dashed curve), 
respectively. In this hgure, is the jet emissivity at frequency u from location z 

observed at time t. Based on this hgure, the luminosity of jet emission can be described as 


Ljet(z^,t) oc 




^^out 


(.^out z) 


'20 




^ Zp—5Zp 1^2 




COS'ilj/c)z(j)dz 
— z) cos'Ip/c)z(l)dz^ 


( 8 ) 


where ^out is the outer location of jet emission, Zp{i') is the location of peak emissivity, 
5Zp ~ HjogZp, and PFiog is the logarithmic width of emissivity prohle. It can be expected 
that the variability of Tjet(z^, t) in the timescale 5t < 5Zp/v-^et would be suppressed according 
to Equatio n flHll. This behavi or has been reported in the observat ion of GX 339 — 4 (see 
Figure 3 of ICasella et al.ll2010l and Equation (15) of iLin et al.ll2012n . As shown in Figure 0 
the larger value of Zp corresponds to the lower value of observed frequency. In addition, the 
value of IFiog is almost the same for diherent observed frequency. Then, the lower value of v 
would cause a stronger suppression of the variability. This can be found in Figured], where 
the variability of jet emission at low frequency (such as 10^*^ Hz) is obviously weaker than 
those at high frequency (such as 10^^ Hz). This is the reason for the different variability 
behavior of jet emission observed at different v. 

Equation ([HD reveals that the variability of jet emission in the long timescale > 
would follow that of lu and thus Piet except for the amplitude of variability. In the 
work of lHeinz fc SunvaevI ( 20031 1. the relation of Ljet(z^) oc (derived for typical 

flat-spectrum core-dominated radio jets. Our simulations with a steady jet power conhrm 
this relation but with a slightly different index for different v. Then, one can expect that 
the relation of disk emission and jet emission in the long timescale 5t > SZpjv^et would 

where Lx oc is adopted. This behavior can be found in the top 


be Ljet(z 2 ) oc 


- 17/24 
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left panel of Figure HI For the jet emission ai u = lO^^Hz from the accretion system with 
^BH = IOMq, 6Zp/Vjet rvj 100s can be estimated based on Figure [5l Then, the variability 
of jet emission with timescale 6t < 100s would be suppressed, and that with timescale 
6t > 100s will follow the variability of Pjet- This is the reason for the different behaviors in 
the top left panel of Figure [2] and that of Figure HI The increase of slope in Figure [3] can 
also be understood as follows. In Figure [3l At oc Mbh is adopted. However, the increase 
rate of Zp{i> = 10^°Hz)/njet with Mbh does not follow that of At. Then, the variability of 
jet emission in the accretion system with larger Mbh (At) would present a better tracing 
behavior for the jet power compared to the case with lower Mbh i^t). 


As discussed in Sections 12.11 and 12.21 the value of 7 (or /r + s) may aff ect the variability 
of di sk emission (jet power) in the timescale 6t < Pis,in (see Figure 2 of lArevalo &: Uttlev 
2006h . where tvis,in is the viscous timescale of ADAF in the inner region. For the case in 
the present work, however, the timescale 6t ~ 6Zp/vjet (see Figure [5]) is significantly larger 
than Pis,in- Then, the value of 7 (or fi + s) may not have significant effect on the relations 
presented in Figures [2}H1 


4. Conclusions and Discussion 


The variability of accretion rate, which is believed to induce the signihcant aperiodic 
variability of X-ray emission from disk, may affect the energy injection of jet from accreting 
process. Owing to this behavior, correlations between X-ray emission from disk and jet 
emission may be formed even if the mean value of X-ray luminosity keeps constant. These 
correlations are found in this work. It is shown that the correlation may be different from 
that of the fundamental plane. The fitted results show that the slope of correlation may 
increase with increasing observed frequency of jet emission. Taking an accretion system 
with Mbh = IOMq as an example, it is shown that the slope of correlation varies from 0 to 
~ 0.58 for the jet observed frequency varying from lO^*’ Hz to 10^^ Hz, where Lx oc M^ and 
total duration of observation is 100s. For the luminosities spacing with 3 days, which are 
used to estimate the fundamental plane in a practical context, the slope of relation decreases 
with increasing black hole mass. The shallow behaviour of our found relations is due to the 
suppression of variability in the jet emission compared with that in the disk emission. These 
results suggest that luminosities used to estimate the fundamental plane should cover an 
appropriate timescale, in which the variability of jet emission is not significantly suppressed 
compared with that of disk emission. 


The shallow relations found in this work may appear in th e observations. W e com¬ 
pare the relations found in this paper with that of observations flKing et al.ll2013l) . In the 
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work of iKing et al.l (120131) . a shallow relation, i.e., log(Ljet/-hjet) 0.06 log(Lx/-hx), has 
been reported in the observation of NGC 4395. In onr work, we also find a relation, i.e., 
log(Ljet/i^jet) oc 0.19log(^Lx/. hv), wliich i s sha llower than that of the fnndamental plane 
bnt still steeper than that of iKing et al.l (l2013l ). The deviation of onr resnlt with that of 
observation may imply that other mechanisms may contribnte to prodnce the obs erved shal 
lower re lation. Besides the low value of relation slope found in observat i ons (iBell et ah 


2011 


King et ah 2013 1. several sourc es, such as NGC 405 1 (IKing et al.l I 2 OIII ). 3C 120 


(IChatterjee et al.l 1200911 . and 3C 111 (IChatterjee et al.l 1201 ll ). show negative relation be¬ 
tween Lx and Lr. In these sources, the accretion rate is close to or larger than O.OlMEdd, 
around which the transition from low/hard state to high/soft state appears in BHBs (e.g., 
Yu fc YanI l2009l: iDunn et ahl 1201011 . Then, the n egative relations may be due to the sup¬ 


pression of iet production in the high /soft state (IMaccarone et al.l 120031: ISikora et al.ll2007l : 


Goriat et al.ll20111 : iRussell et al.ll201ll ). This mechanism may work in NGC 4395, of which 
the accretion rate is ~ O.OlMEdd- The radiative efficiency may inc rease in the state transi¬ 
tion from low/hard state to high/soft state fe.g.. lXie fc Yuanll2012l l. In this case, relation of 
Lx and Ljet may be steeper than that of the fundarnental plane. This behaviour has been 


found in some BHBs and AGNs (e.g., iGoriat et al.l I2OIII: iGorbel et al.l l2013l: iDong et ah 


2OI4I: iPanessa et al.ll2015l l . How ever, this mechanism could not explain the shallower rela¬ 
tion found in iKing et ahl (1201311 since it steepens the relation. It should be noted that the 
models presented in Section 2 may be better applied to a source in the low/hard state or 
high/soft state rather than in a transition state, where the suppression of jet and the increase 
of radiative efficiency may appear. 
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Fig. 1.— Light curves of disk emission and jet emission with different black hole mass. The 
top panel is for Mbh = IOMq and the bottom panel is for Mbh = IO^Mq. The blue, gray, 
red, and cyan curves represent the light curves of jet emission at frequency lO^^Hz, lO^^Hz, 
lO^^Hz, and lO^^Hz, respectively. The light curves of disk emission and Pjet are presented 
with green and black curves, respectively. 
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Fig. 2.— Relations between disk emission and jet emission, where A, x, o, and x represent 
the relation with jet emission at frequency 10^°Hz, lO^^Hz, lO^^Hz, and lO^^Hz, respectively. 
The solid line and dashed line in each panel represent the logarithmic linear fitting result 
and the relation of the fundamental plane with a given black hole mass, respectively. 
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Fig. 3.— Relations between disk emission and jet emission at freqnency where 

“o”, “A”, and “x” are the data from an accretion system with Mbh = IO^Mq {At = lO^s), 
3.6 X IO^Mq (At = 3.6 x lO^s), lO^M© (At = 10®s), and lO^M© (At = 10®s), respectively. 
The solid line and dashed line in each panel represent the logarithmic linear htting resnlt 
and the relation of the fnndamental plane with a given black hole mass, respectively. 
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Fig. 4.— Relations between disk emission and jet emission at frequency lO^'^Hz, where 
“o”, “a”, and “x” are the data from an accretion system with Mbh = IOMq, 

3.6 X IO^Mq, and respectively. The data are the averaged lumonisities in At = Iks 

with a spacing time of 3 days. The solid line and dashed line in each panel represent the 
logarithmic linear htting result and the relation of the fundamental plane with a given black 
hole mass, respectively. The red solid line represents the logarithmic linear htting result 
about the data with Ljet observed at z/ = 5GHz, which is shown with red The dotted 
line in the bottom left panel r epresents the rek tion of log(Ljet/Tjet) oc 0.06log(Lx/Tx), 
which was found in NGC 4395 ( King et ah 2013 ). 
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Fig. 5.— Emissivity profile of jet emission at frequency 10^° Hz (solid curve), 10^^ Hz (dashed 
curve), 10^^ Hz (dotted curve), and 10^^ Hz (dot-dashed curve), respectively. 






